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GUIDANCE FOR ESTIMATING
PROBABLE YIELDS OF
SURFACE WATER SYSTEMS
IN RHODE ISLAND

1. PURPOSE

This report presents a review and analysis of storage-
yield relationships considered generally applicable for
watersheds in the State of Rhode Island. These relationships
were derived via statistical transformation of data obtained
from U.S. Geological Survey (USGS) records and through devel-
opment of mass curves for the critical drought of the 1960's.
A rainfall frequency analysis was also performed. Included
are sections describing the surface water hydrology of small
watersheds in Rhode Island, analysis of data, and the devel-
opment of storage yield relations. The study was performed
at the request of the State of Rhode Island, Department of
Planning.

2. AUTHORITY

Authority for the study and report is contained in Sec~-
tion 22 of the Water Resources Development Act (PL 93-251) of
1974. Sectiom 22 reads in part as follows: ". . . The
Secretary of the Army, acting through the Chief of Engineers,
is authorized to cooperate with any State in the preparation
of comprehensive plans for the development, utilization and
conservation of the water and related resources. . ."

3. UNITS AND CONVERSIONS

The gallon is the unit of volume most used by domestic
water suppliers, whereas, the cubic foot is more common to
the watershed hydrologist, Some units frequently used and
their conversions are listed in table | as an aid to common
understanding.

4, DEFINITION OF TERMS

a. Dependable Yield. Dependable, safe, or firm yield is
the maximum water supply that can be provided continuously
from a source during & critical period. The dependable yield
of a surface water source will vary with the severity of the
critical drought test period selected. There is no way of
reliably predicting the severest possible drought, and if
there were, it probably would not be practical to design for
such a condition but rather accept some degree of risk. In




TABLE 1

UNITS AND CONVERSIONS

Area
] Acre = 43,560 Square Feet (Fe?)

1 Square Mile = 640 Acres

Volume

1 Cubic Foot (Ft3) = 7.48 U.S. Gallons (Gal.):

] U.s. Gallon = 0.1337 Cubic Foot (Ft>)

| Acre-Foot (Ac-Ft) = 43,560 Cubic Feet (Ft3)

| Acre-Foot (Ac-Ft) = 0,3258 Million Galleon (MG)

1 Million Gallons (MG) = 3.0689 Acre-Feet (Ac-Ft)

Flow

"1 Cubic Foot Per Second (CFS) = 448,33 U.S. Gallons
Per Minute (GPM)

| Cubic Foot Per Second (CFS) = 0.6464 Million
Gallon Per Day (GPD)

1 Cubic Foot Per Second (CFS) = 2.0 Acre-Feet Per
Day (Ac-Ft/Day)

! Gallon Per Minute (GPM) = ,0022 Cubic Foot Per
Second (CFS)

] Million Gallons Per Day (MGD) = 1.547 Cubic Feet
Per Second (CFS)

| Million Gallons Per Day (MGD) = 3.094 Acre-Feet
Per Day (Ac-Ft/Day)



practice, the critical period is often taken as the period of
lowest known natural historical flow in the region. This
was the criteria used in this study for determining depend-
able yield. Another criteria sometimes used is the drought
of a selected, statistically determined, frequency, i.e., a
1 percent annual chance event with complete utilization of
‘storage or a 5 percent chance event with 75 percent utiliza-
tion of storage, with the ideg that measures could be imple-
mented to curtail water use during the rarer events. The
record drought in Rhode Island, used as the test criteria in
this study, is considered tc have an annual chance of occur-
rence in the range of | to 2 percent (100 to 50-year) as
discussed latér in this report.

The current study dealt with determining dependable yield
of surface water systems operating as independent water
supply sources., The combined dependable yield of integrated
systems, made up of multiple reservoirs and other sources, is
sometimes greater than the sum of the yields of the individ~
ual parts. For example, a river source may have a low de-
pendable yield because of seasonally low river flow and a
large reservoir may have a low yield because of inadequate
catchment area for timely reservoir refill but the dependable
yield of the two, as an integrated system, can be signifi-
cantly greater than the sum of the two individual dependable
yields. Establishing the dependable yields of comprehensive
integrated water supply systems in Rhode Island was beyond
the scope of this study, :

b. Drought. A drought is a prolonged period of below
normal precipitation which seriously affects normal stream-
flows and ground water levels,.

c. Reservoir Storage. Reservoir storage is the usable
volume of water that can be impounded. It is that capacity
that can be filled and emptied as needed for water supply
purposes.

d. Watershed. Watershed is the rainfall catchment area
draining to a stream, river, or reservoir.

5. RHODE ISLAND SURFACE WATER HYDROLOGY

a. Climatology. The State generally receives ample
amounts of precipitation throughout the year. Rhode Island's
variable climate is characterized by frequent but generally
short periods of heavy precipitation., The moderating effect
of the Atlantic Ocean gives coastal Rhode Island a relatively
mild winter and less precipitation in the form of snow. The
coast also escapes the extreme heat in summer experienced by
interior areas of scuthern New England.



b. Temperature. Average monthly temperatures vary
widely throughout the year. Extremes gn temperature may
range from occasional highs above 100 "F, to infrequent lows
below minus 10 "¥. The average annual temperature at Provi-
dence and Newport is 50.5 F (see table 2).

¢. Precipitation., Cyclonic cooling of air may occur via
adiabatic expansion of rising air, or from the meeting of the
two very different air masses (i.e., warm, moist air converg-
ing with a cold air mass), or through contact between moist
air and cold ground. As moist (water vapor-laden) air is
cooled to near its dewpoint, cloud droplets are formed. The
growth of these cloud droplets to precipitable rain or snow
is governed by a variety of meteorological conditions.

The State of Rhode Island lies in the path of “prevailing
westerlies" and other cyclonic storms that move easterly
across the country from the western and southwestern United
States. Being a coastal State, Rhode Island is also sub-
jected to coastal storms which travel up the Atlantic sea-
bocard from off the Carolinas. Thunderstorms can occur over
the basin at any time of the year and may be of local origin
or associated with a frontal system. The mean annual preci-
pitation rain, snow, sleet, etc.) for Rhode Island is approx-
imately 45 inches. Summaries of precipitation amounts at
Providence and Woonsocket, Rhode Island are presented in
tables 3 and 4. )

d., Snowfall. The annual average snowfall in Rhode
Island varies from about 30 inches near the coast to 50
inches in the upland areas in the northwest corner of the
State. Monthly snowfall recorded at Woonsocket (1956-1986)
and Providence (1949-1986) is presented in table 5.

e. Topography. The topography in Rhode Island has been
modified by glacial forces. The Coastal Lowland encompasses
the southern and eastern regions of the State with small
lakes, broad swamps and wide valleys with a few low, rounded
hills. Increasing relief and forested land comprise the
central region where low to moderate sized hills, lakes and
ponds of a variety of sizes are found. The eastern New Eng-
land upland covers the northwestern one-third of Rhode Island
with wooded, rolling hills, rising above lakes and swamps in
the narrow valleys. This region is rough and hilly and has a
much higher elevation than the coastal lowlands. The land
rises from about 200 feet above sea level in the east to more
than 800 feet in the northwest. Land regions in Rhode Island
are depicted in plate 1.

f. Runoff/Streamflow. The USGS maintains several
streamflow gages in Rhode Island. For this report data from




TABLE 2

SUMMARY OF TEMPERATURES
DBGREES FAHRENHETT

Providence, Rhode Island Newport, Rhode Island
(8! Years of Record) (30 Years of Record)
Mean Mocmm | Minimm Mean  Maximm | Minimm

January 28,9 36.7 21.0 28.5 43 A
February 29.4 37.5 21.3 31.0 46 16
March 37.7 45.9 29.5 39.0 52 26
April 47.7 56.9 38,5 46.0 60 2
May 58.0 67.7 48.2 55.0 69 41
June 66.9 76.6 57.3 65.0 76 54
July 72.8 82.0 63.6 70.5 82 59
August 71.0 80. 1 61.9 69.0 81 57
September 63.8 73.2 545 65.0 78 52
October 53.8 63.2 4t 55.0 67 43
November 43.4 51 35.4 45.0 58 ;7]
December 32.6 40.2 25.0 35.0 50 20
ANNUAL 50.5 59.3 41.7 50.5 60 41
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2.49
4.06
3.01
4.3
1.86
1.07
3.09

4.5
3.3

6
.27
4.85
.11

2N
27
1.62

4,71
.1
7.00
L%
2.52
.08
4.1
2.2
.9

2.1
.75
2.60
.5
.79

bl
.88
4.3

.
.M
4.66
6.52
6.%
L.n
1.9
341
3.!
.08
4.50
.23
.78
.48

5.60

3.99
.38
.85
.n
.10
449

6.53
2.43
2.08
.9
.75
6.22
6.35
5.3
5.16
8.45

.29
1.56
6.29
A1
3.26
2.61
4,49
un
1.0
4,32
n.g
1.95
Tete
3.29

5.713

5.27
5.86
1.49
4.17

L6
.63

2.15
5.4b
142
3.06
7.3%
6.70
10.75
4.54
2.3
7.0

7.63
&5
5.1
347
5.85
5.19
1.81
1.57
6.2
1.81
.n
1.8
142
1.7

45.25

37.68
4171
50.23
35.65
39.51
45.60
&41.5

54.99
51.33
LN
a2.87
30.08
51.54
43.1
40.06
49,56
50.323

9.5
38.41
8544
38.68
46.50
41.3
459
45.42
B.42
65.06

48.2
40.66
30.83
.32

47.01
58.19
36.11
3%.37
49.26
67.52
WB.74%
4042
#5.30



TABLE 4

PRECIPITATION SUMMARY {INCHES)
WOONSOCKET, RHODE ISLAND
(35 Years of Record ~ 4/48 to 11/86)

Month _Mean Maximum Minimum
January 4.02 11.99 0.76
February 4.01 9.84 1.03
March 4.24 9.77 0.81
April 3.99 10.37 0.69
May 3.45 8.50 0.53
June 3.40 12.12 0.20
July 3.36 7.31 0.53
August 3.50 9.65 0.60
September 3.72 8.55 0,73
October 3.62 9.34 1.62
November 4.70 9.28 0.71
December 4.40 9.96 0.88
ANNUAL 45.03 64 .82 27.35

Elevation 120 Feet



Month
January

February

April

TABLE 5

SUMMARY OF SNOWFALL (INCHES)

Providence, Rhode Island

(38 Years of Record)

9.3
10.21
1.3%
0.72
0.19
0.00
0.00

0.00

0.13
0.73

6.45

35.11

28.70 0.50
30.90 0.00
31.60 0.00
7.60 0.00
7.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
2.50 0.00
4.40 0.00
19.80 0.00
70.70 6.20

Elevation 50.00 Feet

‘10

Woonsocket, Rhode Island

(31 Years of Record)

Mean  Maximm  Minimm
11.43 33.60 0.00
13.08 52. 16 0.00
9.26 38.50 0.00
0.84 6.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 ¢.00
0.00 0,00 0.00
0.00 0.00 0.00
0.07 2,00 0.00
0.87 4,80 0.00
9.38 23.10 0.00
45,56 99.20 6.30
Elevation 120.00 Feet



gaging stations at the following locations were analyzed:

(1) The Moshassuck River discharges into the Provi-
dence River, a tidal estuary which in turn empties into
Narrangansett Bay. The lower Moshassuck receives effluent
from the Central Falls wastewater treatment plant, textile
wastes from Mills in Pawtucket and Saylesville, and is
occasionally regulated at low flow by mills., The gaging
station is located at Providence, one-half mile above the
mouth, and has recorded runoff continuously since June 1963
from the 23.1-square mile drainage area.

(2) The Wood River, located in the Pawcatuck River
basin, is formed by the confluence of Phillips and Acid
Factory Brooks in the southwestern part of West Greenwich,
Rhode Island. The Wood River flows in a general southerly
direction about 17 miles to its junction with the Pawcatuck
at the intersection of the town lines of Richmond, Hopkinton
and Charlestown, RI, approximately 21.5 miles above the mouth
of the Pawcatuck. Total fall of this tributary of the Pawca-
tuck is estimated at 110 feet. At Hope Valley, the Wood has
experienced seasonal regulation by Locustville Pond on Brushy
Brook since 1968, Also, there was some regulation at low
flows by mills and ponds upstream until 1952; however, regu-
lation was greater prior to 1948. There are two USGS gaging
stations within this watershed at Hope Valley and Arcadia
with drainage areas of 72.4 and 35.2 square miles, respec-
tively. Discharge records for the Hope Valley gage include
March 1941 to present. The Arcadia USGS gage records encom-
pass January 1964 to September 1981, and October 1982 to
present. .

(3) The Nipmuc River, a minor tributary of the
Blackstone, joins the Clear River just north of Harrisville,
Rhode Island. The gaging station is located 1.2 miles north-
west of Harrisville and has recorded streamflow from a 16~
square mile drainage area since March 1964. Headwaters of
the drainage area extend into Massachusetts south of Douglas,
MA.

A map showing locations of the USGS gaging stations is
provided on plate 3. Pertinent information om all USGS
streamflow gages in Rhode Island is provided in table 6, and
mean monthly flow data from the 4 gages used in this report
is shown in table 7.

The mean annual runoff as measured by the gages utilized

in this report ranges from 24.99 to 29.96 inches, averaging
about 60 percent of the mean annual precipitation,
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Nare

Wood River

Wood River
Nipmuc River
Moshassuck River
Branch River

Blackstone River

Woonasquatucket

River

South Branch
Pawtuxet River

Pawtixet River
tmt River
Chipuxet River
Usquepaug River
Beaver River
Pawcatuck River

Pawrcatuck River

PERTINENT DATA
Drainage Period of Average Flow

Location Area Record CFS Inches

{sq.mi.) (years)

Hope Valley 72.4 45 154.8 29.0
Arcadia 35.2 21 77.2 29.8
Harrisville 16.0 2 30.2 25.6
Providence 23,1 23 40.8 24.0
Forestdale 91.2 46 172.0 25.6
Woonsocket 416,0 57 765.0 25.0
Centerdale 38.3 4 73.0 25.9
Washington 63.8 46 130.0 27.?
Cranston 200.0 46 %3.0 23.3
East Greemwich 23.0 45 45.9 27.1
West Kingston 10.0 14 21.5 29.2
Usquepaug 36.1 12 78.9 29,7
Usquepaug 8.9 n 22.5 3.3
Wood River Junction  100.0 46 195.0 26.5
Westerly 295.0 45 578.0  26.6

TABLE 6

USGS GAGING STATIONS
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TARLE 7

MEAN MONTHLY FLOWS (CFS)

Wood River at Val R1 Wood River near Arcadia, RI
45 Years of Record) (21 Years of Record)

Mooth Mean Month Mean
October 74,20 October 35.00
November 127.00 November 64.00
December 178.00 December 95.70
Jarary 198.00 Jaruary 103.00
February 220.00 February 111.00
March 281.00 March 141.00
April 258.00 April 132.00
May 191.00 May 92.70
June 135.00 June 64.30
July 712.50 July 3%.90
August 62,30 August 29.70
September 60.60 Septewber 22.90
Annual 154.80 Armual 77.20
Gage Elevation - Gage Elevation -
61.11 NGV 118.20 NGVD (Note
Drainage Area - 72.4 sq.mi. 1982 Data Missing)

Drainage Area - 35.2 sq.mi.

Nipmic River near Harrisville, RI Moshassuck River at Providence, RI

(22 Years of Record) (23 Years of Record)
Month Mean Month Mean
October 10.70 October 22.40
November 24,30 November 37.00
December 38.50 December 49,90
January 43.50 Jamuary 53.50
February 44.80 February 55.00
March 65,50 March 69.60
April 56.70 April - 63.80
May 35.20 May 44,70
June 25.% June 34.90
July 7.67 July 19.60
August 5.9 August 19.80
September 4.48 September 19,20
ml w-zo ml 40.80
Gage Elevation - Gage Elevation -

8.19 NGVD (revised)

Drainage Area - 23.1 sq.mi.
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g. Droughts. The drought of the 1960's in southeastern
New England, for its duration, was the greatest experienced
in the area in 200 years of record. The 1960's drought fol-
lowed a period of above normal precipitation which contri-
buted to relaxation on the part of cities and towns during
what was really a period of rapidly increasing water demand,

The average annual precipitation recorded at Providence
for climatic years 1963-1966, i.e., 1 April 1963 through 31
March 1967 was only 35.3 inches. The winimum annual precipi-
tation during this period was 25.44 inches in 1965.

The accumulated deficiency in the average runoff of the
Blackstone River at Woonsocket for water years 1964 through
1967, i.e., October 1963 through September 1967, was 27
inches, which is equivalent to more than one year's average
runoff. Further the average flow of the South Branch Paw~-
tuxet River was about 57 percent of normal for the period May
1964 to October 1966, equivalent to a runoff deficiency of
more than 25 inches.

The frequencies of low precipitation for 1, 2, 3 and 4
consecutive calendar year durations were computed, and the |,
3 and 4 year frequencies are shown graphically on plate 2.
The annual curve was developed using 45 years of precipita-
tion records at Providence, RI, in a Log Pearson Type III
distribution, The frequencies for multiyear durations were
determined using the partial duration series method discussed
in Section 6, "Hydrologic Analyses." Based on this analysis
the most critical 4~year period, climatic years 1963 through
1966, in the 1960's drought, with an average annual &4-year
rainfall of 35.3 inches, has about a 1.8 percent chance of
occurrence, equivalent to about a 55-year recurrence inter-
val.

The above analysis was repeated using 155 years (1832 -
1986) of precipitation data (see plate 2A) and the 4-year
drought period of the 1960's shifted to a & percent chance
event or a 25-year return period; however, the annual fre-
quency curve for 155 years of record was similar to the curve
developed with 45 years of record. This additional analysis
of extended precipitation data was performed to ascertain
significant changes (if any) in nonexceedance probabilities
from the shorter precipitation record of 45 years which coin-
cided with the streamflow record of Wood River at Hope
Valley.

6. HYDROLOGIC ANALYSIS

a. Hydroleogic Data. Streamflow data measured and pub-
lished by the U.S. Geological Survey was used exclusively in

14



all hydrologic analyses performed as part of this study. Of
the approximately 15 USGS streamflow (water discharge) sta-
tions currently in operation in the State of Rhode Island,
the gage on the Wood River at Hope Valley was selected be-
cause of its relatively unregulated status and long term
(1942 to present) discharge record. Also an upstream gage on
this river near Arcadia, RI, was analyzed for its period of
record encompassing the 1963 to 1966 drought and unregulated
streamflow.

Many of Rhode Island's streams and rivers are regulated
by mill ponds and natural streamflow is affected by diver-
sions, The paucity of long term, continuous and unregulated
streamflow data and the limited number of USGS gages in Rhode
Island constrained the selection of surface water discharge
station records. However, any occasional regulation of the
Moshassuck and Wood Rivers at Hope Valley was considered
minor and to have minimal distortion of natural conditions.
The Nipmuc River is unregulated as is the Wood River above
Arcadia. Regulation on some of the selected streams was
considered minor and to have minimal impact on the statisti-
cal analysis. Low flow duration frequency runoff data for
four USGS gaging stations used in this study are presented in
tables 8 through 11.

b. Annual and Multiyear Low Flow Duration Frequencies.
An annual low flow frequency analysis was made of the his-
torical flow data having the longest term, Wood River at Hope
Valley. Low flows were determined for durations of 3, 7, 14,
30, 90, 183, and 365 days for each climatological year
(I April to 31 March) using the USGS "WATSTORE" data storage
and retrieval system. The annual low flows for each duration
were fitted to a Log Pearson Type III distribution. The fit-
ting technique involves transforming annual low flow values
to logarithmic values and finding the mean, standard devia-
tion and skew coefficient of the logarithms.

Frequency factors for the Pearson Type III distribution
can be found in most hydrology texts. The frequency factor
is a function of both recurrence interval and skewness.
Skewness is & statistic calculated from the data being ana-
lyzed, whereas recurrence intervals range from 1 to 100 years
for this study. This exercise was facilitated by use of USGS
"WATSTORE"™ automated data retrieval and statistical programs.
Selected data was plotted for comparison using "Beard's "
plotting positions. The adopted low flow frequency duration
curves and plotted data are shown on plate 4, Tables 8
through 11 present low flow frequencies for durations of 3,
7, 14, 30, 90, 183, and 365 days for all the streams studied
in this report. Low flow values in tables 8-11 are in units
of cubic feet per second (cfs).

15
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TABLE &

LOW FLOW FRE(UENCIES

WOOD RIVER AT HOFE VALLEY, RHODE ISLAND

(Station OII18000, 1942
(Drainage Ares = 72.4 Square Hiles)

1986)

Nonexceedance Recurrence Low Flow Values
Probability Intezrval 3-Day 7-Day 14-Day 30-Day 90-Day 183-Day
.0t 100.00 I&,40 15.76 16.9%92 16.68 19.22 26.36
.02 50.00 15.37 16,79 17.87 18.07 21.3% 30, 15%
.05 20.00 16,97 18,54 19.52 20.44 24.97 36.62
1o 10.00 1B.65 20.12 21.2% 22,86 28.22 £3.26
.20 5.00 20.96 22.81 23,17 26.27 34.02 52.52
.50 2.00 26,54 28.87 310.3) 34,61 47.08 74.35
.80 1.25 34.21 37.29 40.20 46.22 65.23 102.14
.90 1.11 39.34 42.97 47.1317 54,07 77.38 119.20
.96 1.04 43.91 50.31 57.k6 64.18 92.86 139.34
.98 1.02 50.89 55.89 6%,00 71.86 104.49 153.42
.99 1.01 $5.94% 61.58 73,32 719.67 11é6.21 166.80

365-Day

75.61
83.18
95.36

107.02
122.14
153.83

168.38
207.20
227.56

240,76
252,64



{1

Nonexceedance

Recurrence

TABLE 9

LOW FLOW FREQUENCIES

WOOD REVER MEAR ARCAD1A,

RHODE ISLAMND

{Station OV117800, 1965 - 1986)

Low Flow Values

Probability Interval
.0l 100.00
L02 50.00
.05 20.00
.10 10.00
.20 5.00
.30 2.00
.80 1.25
.90 . bl
.96 .04
.98 1.02
.99 .01

3-Day T-Day l&-Day 30-Day 90-Day 183-Day 365-Day
4.07 4.39% 4.85 $.25 .17 10.27 29.07
4,61 4£.9% $.47 6.02 8.7¢6 12.19 33.50
5.52 5.91 6.52 7.35 10,50 15.517 40.86
b.495 6.89 7.61 8.73 12.34 19.12 48.08
7.75 8.29 9.12 10.68 15.01 24 .15 57.5%
10,81 1.65 12.74 15.38 21.87 36. 1A 17.217
14.78 16.47 17.50 21.57 3.9 51.16 97.%9
17.26 i9.09 20.512 25.47 3d.9% 60.07 107,83
16,24 21.70 24,20 30.19 48.17 70.23 118,09
22.35 25.33 26.85 33.54 55.28 17.06 124,23
24.39 27.91 29.43 36.78 62.58 83.34% 129.39
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TABLE

10

LOW FLOW FREQUENCIES

MOSHASSUCK RIVER AT PROVIDENCE, BHODE ISLAND

{8tation OV114000, 1965

- 1986)

Honexceedance Recurrence Low Flow Values

Probability Intervsl 3-Day 7-Day 14-Day 3J0-Day 90-Day 183-Day 365-Day
.01l 100.00 1.36 2.02 2.65 4.95% 6.31 8.76 18.94
.02 50,00 1.74 2.44 3.09 5.34 6.85 9.614 20.75
.05 20.00 2.46 3. 07 j.as 6.00 7.80 v1.08 23.12
.0 10.00 3.22 1.91 4.60 6.68 8.80 12.59 26.66
.20 5.00 4.30 4,99 5.65 7.62 10.28 14.73 30.61
.50 2.00 6.67 1.39 8.00 9.92 14.16 20.06 319.48
.80 1.25 9.03 10,09 10.73 $13.09 20.15 27.60 50.30
.90 [ ] 10.10 11.53 12.24 15.22 24.57 32.75 56.82
.96 1.04 11.0% 13.03 13.89 17.9% 30.66 3%9.42 64 .47
.98 i.02 F1.55 13.95 14.95% 20.01 35.59 44.52 69.81
.99 V.01 .9 14.74 15.90 22.10 40.86 49.1317 14.89
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TABLE

LUW_FLOW FREQUENCIES

NIPMUC MIVEW NEAB HARRISVILLE, RHUDE ISLAND

(Station 01711300, 1965 -~ 1986)

Nonexceedance Recurrence Low Flow Valuea
Probability Interval 3-Day 1-Day 14-Day 3J0-Day 90-Day 183-Day 365-Day
.01 100.00 0.10 0.4 0.21 0.29 0.46 1.24 10.19
.02 50.00 0.14 0.18 0.28 0.35 0.59 1.70 11.89
.03 20.00 0.20 0.25 0.36 0.486 0.8% 2.61 14.78
.10 10,00 0.29 0.34 0.45% 0.38 1.15 3,70 17.66
.20 5.60 0.43 0.48 0.61% 0.79 1.62 3.40 201.5%4
.50 2.00 0.88 0.913 1.09 1.49 .17 9.75 29.86
.80 .25 1.62 i.75 2.03 2.92 6.19 15.09 38 .80
.90 1.1 2.19 2.42 2.84 4,25 8.49 17,93 43 .45
.96 .04 2.96 3.40 4.11 6.42 11.78 20.78 48.22
.98 1.02 " 3.5% 4.22 5.2% 8.46 14 .46 22,44 31.14
.99 .0} 4.6 5.12 6.57 10.90 17.31 23.79 $3.63



Low flow frequency-duration curves were also determined
for periods exceeding 1 year. Multiyear low flow analyses
are critical in establishing dependable yield of water supply
systems with appreciable "carry-over" storage. Analyses were
made using a procedure similar to that described in the
Journal of Geophysical Research, Vol. 66, No. 12, December
1961, "A Partial Duration Series for Low Flow Analyses," by
John B. Stall and James C. Neil. The method is also similar
to that described in the "Handbook of Applied Hydrology,"
1964 edition, by V.T. Chow, pages 18-11 to 18-15. The study
was facilitated by use of the Corps of Engineers Hydrologic
Engineering Center Computer Program 723-G1-L2290 entitled,
“Partial Duration -Independent Low Flow Events." The proce-
dure is basically as follows: (1) a running total of monthly
flows for a selected duration is determined for the entire
period of record, (2) the running total is then scanned to
determine the lowest flow in the period of record, (3) once
this value is determined, to avoid overlapping of data, all
running total data for one duration prior and subsequent to
this total value is removed from further consideration and
the list is again scanned for the second lowest independent
event in the period of record. The process of data elimina-
tion limits the array of low flow events that can be deter-
mined. The recurrence interval or plotting positions of the
low flow events are computed using "Beard's" plotting formula
as presented in "Statistical Methods in Hydrology," Corps of
Engineers, Sacramento District, January 1962. Computed low
flow frequency curves for durations exceeding one calendar
year, using the 45 years of Wood River data, are also illus-
trated on plate &, )

c. Nonsequential Storage Yield Analyses. The annual and
multiyear low flow frequency-duration curves are used to
assess the relative severity and indicated return probability
of experienced drought events, such as the drought of the
sixties, as illustrated by the plotted data on plate 4. Low
flow duration statistics are also used to estimate reservoir
storage-yields for differing degrees of dependability. Mini-
mum volume runoff of a selected dependability is determined
from the low flow frequency-duration curves and plotted
versus duration. A 99 percent dependable analysis is shown
on plates 5 and 6. The storage requirement for a selected
yield and percent dependability is determined by drawing a
straight line, with slope equal to the desired yield, tangent
to the volume-duration curve of selected dependability. The
negative vertical intercept of this line with the "y" axis
represents the usable reservoir storage requirement.

Using the above procedure, with the Wood River low flow-
duration data, 99 percent dependable yields were determined
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for a range of storage and the data is plotted on plate 8.
Nonsequential analyses permit a probability analysis based on
the statistics of all historic flow data without regard to
sequence., Such procedures, though highly useful, must be
used with caution and generally verified by concurrent
sequential analysis of selected historic events. One poten-
tial error in the use of nonsequential analyses for deter-
mining storage-yield relations is the fact that the analysis
assumes the reservoir filled prior to the critical low flow
duration being examined and that it will be capable of re-
filling before the occurrence of another low flow event. The
reasonableness of such assumptions, for the range of storages
and yields being considered, needs to be tested by sequential

analysis.

Nonsequential storage-yield analysis does not take into
account seasonal variations in streamflows and the tangent
lines do not reflect seasonal variations in demand, whereas,
the sequential storage-yield eanalysis used in the following
subparagraph is a hydrologic synthesis technique which as-
sumes that historical records will repeat themselves exactly.

d. Sequential Storage-Yield Analyses. Reservoir-yield
analyses by sequential routing is simply the process of add-
ing inflows to a balance of storage and subtracting outflows
during a specified critical hydrologic period. Onme of the
most basic graphical methods of sequential analysis is the
"mass curve" or "Rippl" method. A mass curve is a plot of
accumulated streamflow versus time. The slope of a line on
such a graph represents flow rate, and the vertical deviation
between the line and the mass curve represents required stor-
age to meet the specified flow rate. Such analyses define
the critical drought period and facilitate the development of
a relationship between storage and yield at a single project
site. Mass curve analyses for the critical 1960's drought
are graphically illustrated on plate 7. A mass curve analy-
sis, if sufficient in length, will demonstrate the project’'s
capability and timing of storage refill following maximum .

drawdown.

Mass curves for the 1960's drought, shown on plate 7 were
used to develop storage-yield relations for the three streams
having short periods of records and the long .term Wood River.
The precipitation frequency analysis of the Providence data
in paragraph 5g of this report established that the 1960's
drought represented about a | to 2 percent chance event. The
resulting storage-yield data for all 4 streams are compara-~
tively plotted on plate 8. The finally adopted reservoir
storage-yield guide curves, based on all analyses, are also

shown on plate 8.

21



e. Low Flow Augmentation and Evaporation Adjustments.
For a proposed water supply impoundment, evaporation losses
and miniwmum release (outflow) rates need to be considered.
Based on the U.S. Geological Survey Hydrologic Investigations
Atlas HA-7, the average annual loss by evaporation from lakes
in Rhode Island is about 26 inches; whereas, loss by evapo-
transpiration from land area is about 20 inches. This
results in an average net loss of 6 inches from land area
replaced with lakes, excluding seepage losses from the reser-
voir area.

In most cases reservoir areas represent such a small per-
centage of the total watershed area that any adjustments in
yield due to increased lake evaporation over land area are
quite negligible. However, in those instances where reser-
voir area represents much of the watershed area, an adjust-
ment may be appropriate. An average annual net loss of
6 inches per year, assuming 75 percent of it occurred during
the 6-month summer season, May to October, would result in an
average loss in yield during the 6-~month period of approxi-
mately 0.00) cfs (646 gallons/day) per acre of reservoir
area.

Typically, a value of 0.2 c¢fs per square mile of drainage
area is used for the minimum instantaneous release rate to
satisfy downetream requirements; however, this requirement
might be lessened in times of severe drought. )

f. Scituate Reservoir. The State's major public water
supply is the Scituate Reservoir, which has a drainage area
of 92.8 square miles and a total usable storage capacity of
122,000 acre-feet (24.7 inches of runoff). This impoundment
serves the metropolitan Providence area, approximately 80
percent of the State's population. In past Corps of Engi-
neers studies (references ¢ and d), it has been reported that
Scituate Reservoir has a maximum dependable yield of 137 cfs
(89 mgd). The minimum flow requirement downstream of the
reservoir is approximately 18 cfs (11.6 mgd) which reduces
the dependable yield to about 119 cfs (77 mgd). This yield
is based on utilizing 100 percent of available storage during
the 1960's drought conditions. It was also reported (refer-
ence d) that the Scituate system could supply a continuous
yield, after downstream releases, of 68 mgd withcut exhaust-
ing more than 80 percent of storage during the 1960's
drought.

Present operation of the Scituate Reservoir is governed,
in part, by a 1915 Act, which stipulates that water with-
drawal at Scituate cannot be less than 108 cfs (70 mgd) and
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what is not needed for domestic water supply must be dis-
charged downstream to the North Branch Pawtuxet River. There
is a provision for the draft to be reduced to 100 cfs (65
mgd) in years when the reservoir fails to refill to spillway
crest. The purpose of this stipulation is to ensure that the
project storage is operated to provide a reasonable yield and
that flow in excess of domestic needs is released for down-
stream low flow maintenance.

7. SUMMARY

The developed reservoir storage-yield relationships per
unit watershed area, shown on plate 8, can be used as guid-
ance for estimating the probable safe yields of surface water
systems in Rhode Island and are not a substitute for more in-
depth site specific project design studies. The storage-
yield curves were based on a review of the hydrology of Rhode
Island, its drought history, and a nonsequential statistical
analysis of streamflow records as well as sequential analyses
of the record 1960's drought at selected small gaged water-
sheds. Upper and lower limit guide curves are presented on
plate 8 because of the variation in yields as determined by
analysis of streamflow data from the four sites previously
mentioned in this report. The record drought compared hydro-
logically with a | to 2 perceat chance statistical drought
and was used in developing the adopted storage-yield
relationships.

8. LIST OF REFERENCES

a. Water Resource Study - Blackstone River Basin, Massa-
chusetts and Rhode Island Hydrology and Hydraulic Studies,
CE Maguire, Inc. 1976, and Appendix 8 - Hydrologic Analysis,
Department of the Army, New England Division, Corps of Engi-
neers, Waltham, Massachusetts, 1981.

b. Flood Control Reanalysis, Pawtuxet River Basin, Rhode
Island, U.S. Army Corps of Engineers, New England Division,
June 1987.

c. Big River Reservoir Project, Interim Report, Volume I
- Main Report, July 1981,

d. Hydrologic Analysis for Big River Reservoir Project,
Pawtuxet River Basin, U.S. Army Corps of Engineers, New
England Division, June 1979.

e. Pawtuxet River Basin, Rhode Island, Appendix A -
Flood Hydrology Review, U.S. Army Corps of Engineers, HNew
England Division, September 1984.

23



f. Pawtuxet River Basin, Rhode Island, "Flood Control by
Chance or Design," A Hydrologic Analysis of Scituate and Big
River Reservoirs, New England Division, Corps of Engineers,
December 1986.

g. Detailed Project Report/Environmental Assessment,
Blackstone River, Cumberland (Berkeley), Rhode Island - Local
Flood Protection, New England Division, Corps of Engineers,
1983.

h. U.S. Geological Survey Water Resources Data Reports -
Miscellaneous Volumes.

i. National Oceanic and Atmospheric Administration -
Climatological Data, Miscellaneous Volumes.

24



EASTERN

NEW ENGLAND

UPLAND

%g BLOCK ISLAND

RHODE

LAND REGIONS

ISLAND

PLATE |




|

AVERAGE PRECIPITATION|

. FREQUENCY

PROVIDENCE,R.I.

1942

JULY (98¢

90 93 98

80

30

20

il |||

10

1949 39 34 IN/

on

b. (966 | B0 INA

T

0.10.2

10

PROBABILITY

P (X< x) NON-EXCEEDANCE

2

PLATE




' _ [
-~ -t ——— .
* N -
[ e A—_—
ce 7T -z -
!
—_ _

98 99

95

AVERAGE PRECIPITATION

FREQUENCY
PROVIDENCE,R.\.

1832

SEPTEMBER, 1989

80

50

© 20

10

5

2

— : E
o . —t= Co S " R,
I\. - T it - Le -
F— ot A ‘
—— L1 1
- —_ — IT; [
: o A ! _
+ Iln.l@li - — e . b - _—
, !
e e — e — o e R ey e
o Tz - e ettt st == — oI
— P —
—_ — b —— 4 I . —
+ - o —- B ¢
r - + —— o - —

NON - EXCEEDANCE PROBABILITY

PLATE 2A

—




PN~

RNODE  1SLAND

50

0
o™ et
o )

MOCK IBLAND

NIPMUC RIVER NR. HARMSVELE
NOSHASSUCK RIVER AT PROVIDENCE
wOQD RIVER NR. ARCADIA

WOOD RIVER AT HOPE VALLEY

WATER SUPPLY STUDY
RHODE ISLAND

GAUGE SITES
PLATE 3



8764-4

aTF12

2] [~

e e s

AVERAGE FLOW IN CF.S./SQ. MILE

; T ' ilom~,,,; 16 ‘

I parayr -1
‘ g i T e W g R A
: 3/64- RABT BNV :

h.?-l?'.-]l'i \
A2 H A

3
-
©
WW =
i 2]

T

&

)

5 50
| i)

a

LOW FLOW - DURATION
FREQUENCY

e | | e . WOOD RIVER @
o I I B ‘ ; : o RIS .
1 . . ' o :FH': HOPE VALLEY,R.I.
I 2 5 10 20 50 80 90 1942 - 1986

D.A.=T72.4 SQ.MI.
P (X< x) NON-EXCEEDANCE PROBABILITY JUNE, 1989

PLATE 4




5

1989
PLATE

WOQD RIVER AT
JULY

DAILY LOW FLOW ANALYSIS
HOPE VALLEY, R.I.

..... - R - [ - - - - 4. b t
e — [ - — - — r -t
SO U U S - - - — R T 4 oo U
e eee = o e d [ S E U . .o - - R - [
B _y¢ e men ko e me e e e . U S — . - PR — - - - - . .
S S O A S U | _ - —— — - - - — . L
! S i S A e e o AN SRy o — — 4 - - - - - [ - - —— —
i o : r <
—
R S T o e T T Tt i T T R ——— - . - Ll
e ,|I..|.r U WSO SIS R R e T S R S — — P [ - - - ——— [ C T
e R Ty s e o AN S, R U R - - -~ - _ P N
B B A I e b e - - _ I L b e [a— N
o TN U] ST PETRP U UV S SN “ ; — . . e L e [N
JERPUPURG O R AU R Lo . - e . < W
PO U U GO Rt S S S SO N A ST RN F— -4 Tr -
T Ty S S S O R L T e— —_—
B e bl e I.|1,|W|JIrIL - S S S SO | & hv Q
e B il o R T e e T e e e it E
e fh (o TSRS B LR PREps U I S SRR D 44F+1\1 o /0 [{»)
s s st — e e s B e T S s IR (N S B9 M o
[ - : A 14|T¢|.||||Il|.lai| - T S T T B i e S B B I s o~ SO U Y IR PRI S U ot - “et s — ——a-
e e N s .fo B [ S A S L T MY N N U S M AT O U RUVRE N S ._-..‘Ir;.riwl.%i:L, b e - -
P H ..I.T.I.rilr r\‘ B o T S SR SLNUO! YU SH SR PSS\ E P SR MU0 A USRS S S S A R PRl Tll._|ﬁl|1|T1|T+ e
e L e e 14 ¥4 S AN N SN I U S SN S S SIS T NS L G S S @)
R e R b < P " S el -C SR S S A e = e e e + —— - I LI |...|T . _fT b Tfle N
e R SRR | i o i R S [ AN .IrIT |x1tt 4 ;!T 4‘\i|T 1 Ff!i. T e [
e b T o ot e e e
[ e i et .L ._. 4|, B S T el TSR R
W ot SRS G R S M -
e e e s e ot it S - - . - : NS e
; . i i . ko s : [ A S - :
- [ A A S ﬁ W - ]T‘IVI bt e e SRRt S rL\‘,r\,rL,le.r‘T:r -4t L|r|.. *J.if.l A
-t S P E— [E R T N S N 4 _ B E S SR (S A0 S S O S ;
SE. [ S ; do b : et o SE USSR S ST SO G
- e o S o O SPUNN NFSE NN  SLE - S N AR
HENE PRI L Ll O i, | H i L L
. i A R K ; R P H | X ; f
-1 i T Gt o Aet e SR + + e 7 + H .!X et b e e
SO R IS A S S E N R A bt i . e
Fis " Cie L P NG
H : H ’ ;
t tbt oy : + Ly 1o T
- a LI S i i i <
' RN i ; Yy il
T 1 _IT.,w. i T ]
3 i [ SN N I i i e L
1 t R
T FTill T ; Lo " .
M T 0 H .ﬁ 71 ML) T, T ]
' e SIS EEESR R R f 7 e
. H I N - R B [ ; N
: T H T T i i R *
T - T e} + i ¥ e e i e -2
; T T i
: , ~+ — T P T .T\._ ) L
+ - h_u : - + i ll.T.rLlL.J! - ” } b4 .T ;txi.r+4r ‘_\w‘ L4
- - 4 i it ol s o o ; el d .L_\:«VL‘ [ S e S
: ; ] i ; ; ! L
N i i i } i H i ” T L4 " S A N T -
i | | i ' : i : i L +
et I T ; = W Bak e + : I L S
+ __ et t—+ o B 1 e e e tr— 4 =t~
L : L 4 P T T
bpigi b e L + b : “
i H 1 i “ 4 4 ) A R | ». i :
T } H i e 1.|ﬁ : G ||,...14.1J‘1J PR - R e e Gt = SN P e
et 4 b e g T R T M A i B B S TJTw . —r bt b e s
: l_—.l.L + TR S R PV ST S S A e B S A AU S S U
I T : : : !
e * T { - .l:l I+LW. L [ S ¥ - K.....ru,r + L — e e —
T ﬂf!ilwnw. .ﬁ)f - Ly ST N
. R N T
g L oo e 4 T.rnl.l.T_lnTLv . —
i o ; i : R ) i
> SRR NS - _ N N
B RS IS L SN I A ot _ll_!i-fntf 1
| i i ; - -l | — -
+ — t :
bttt g ] e — - -‘TTM R . : i e SRR R at o e ST
] . T : —4 i — A e b s i R A o B A 1].1_ R *txthiT.T e
} NS EENES S I c‘T\\wllf-J,.L] MY e R S R J I ! ..-T:irl - + g B et e B e s
m : } U T i 4\»\1+4,!L,.. Lol ,m . dey b T+. 4o .\TT#T‘T‘ A Lo ZI._. - \.‘JL|T i ] . ......!Ir‘r T,f»[\x! \*A.iﬂilr@ e e
— +- 4 - ; [ { H .|....l.! VN +}¢\ s iy <\|.|t;. L i S S S ﬁJf& — : , t i o
P U N Sy 4 — - — i_rl;,.r.. . TT‘WTL\I [ B &g b [ . vL ERSE M- e A o S frmimim e e
- ot et ,ﬂar.mr : + ~.|‘I:|.r4l —_ - .rlTJ, ety A T SR R 1|J|1|.r e PSR ..I.IL|.I4| Y Y R o e L e it bR o o e S i
! b a1 [ . S i ﬂ S L S ER S T e — ..-.14 e e B e S R T A TR oY e e — g
" R ; i i e LLi_ﬁr fr., . St .r..T.I..-»..IILll..TL I e : i e e T T o i BN
, , : = bt P ! - ! ! "
e i i A i n . — H S H N - P
IR . j P : e PO S S O S S I S DR e i — - - .
I nhuitei LBUELENERN RS o ..I_+ J e R S A R Euw T . H T
ke : . ; i . i +¢|v e e s -+ s wI ch- rT].il B e i bty sELTE S S B e e —— i R e
P N i C f : i
R et e 3 N SR iarL(‘rt PRRBNEY SUPR N S X TrL ; SRR g SN N N b e b [ P SR SN i - i
e ] N R T FE PR it S N | IS Sy I e it TS S e e T S I BT Sar
R e a “r + S N T$|< R e e !WL! .T..l. e R i TR L_ITI\TJ( e 1H. . ‘T”}L,ll_Li”\rlJ.Ll...T..rul..sf. e Tli ...:.:TLP.T: R
R T . P 3 . S I L ——y- b .rLI.v.!.LI e TE%L\ B B ,r [N 1 k [ NS NI +|L i m LA 15 SO E N S
i 3 ; : | ; : .
R et L e e S e s ot = o ST il [EE S ‘WTTL» oy ; L ; H R Sl SR SRR D R
b L - + L {T.¥\JrlL|T1LLI ..|.|-F ey it o L j— bor. cu \ dd ,ﬁ - b T SRS U I \T.I.lT ; S G U
[ P S 1--1- L [ ! .i!!.f:lrr|ll - LE.,! ..+ L|TL|.\.|1+‘ e %-TLJ..LI.. R ) .,Erlﬁ ‘Lnl, f f lﬁ _\.\T‘ [ S PRI P EE - e STV S S S S
[ : H H N H i e g ; L
: d . H i i ! T
b e 4 o e e e e o »:.. T et T SESIRERRPIS P b g “\TTL\:#‘# — J +17 A § B T et =T ] S e
) SN T SN PR A N S T 5 S S e e ..||.|.m. PO I N A : e #I‘IT.Idl[l e |rt|-|0|r|..1 o T T .
e e ; g i — RSN SN S S N T+ r [ S NP X ._|T N Trl..lu - JlJriI;.J +L[r LIS N S I SO ‘F+w,T.vJ.|TL‘
Y S I it } TR S S - [ B \4..[4. ..... +4L|Ii1+L b b T IR Ny SEFER R
e — b5 A i [P S R i - I — |..J|r|T ._. A b 2 O A St AR I ST
...... s H R |._|.T+|T|.ITVI|;\ LS S0 A VR OO SR 4 ll\..l. B e e s S S : B el o e s
T e R h+l\rffrf._.. I VS RN R R S U R N e Pl i o S A,T SRR SO0 S \ N T N e L ..|.J1
B e e el g —F - e '|||T._|....|I|_|i1||||0 S S O i .T+|ﬁ44|.l.\1|7._1.. +- .ﬂumi ‘.i.ﬁl_p : i b g b RS S — e e e oo
D o e ST NS SFSRTAP S N § ]l - Bt e R S R A P i LI.:...Jrl:T*r.lr 1\.r iil 1+ Ll. _. b i D T . A . i e iy b4 ll....T*‘rf-ilf.,.fT), b ]

o) 0 o ") o 73} o) 0 O 72) 9] ) O
0 ) ol Y] — - - - ~
3TN DS H3d SAVA-'S'4D NI MO14d d3LVINKWNOIOVY !

t

IN DAYS

DURATION




48

42

36

E

o
b

STORA(

+

@
o
>
- |
.
EMAT.
- < &
o -
zz 2 >0
AEmEEg
I D > -4 =
L -
O O r g >
EWDVL
%SOOEM
4 © a
- Z z o0
O > x
=z
I
-
2
o]
=
N
I
-
<
o)
=
.
=<
o
-
<
@x
=
(=)

TN'DS d3d 'SOWN-'S34'0 NI MOTd Q3LVINWANOOV

6

PLATE




CUMULATIVE FLOW IN C.F.5. - MONTHS /5Q. ML

CUMULATIVE FLOW IN CF.8. -MONTHS SQ.MI.

200 200

—— e I [F:Ts SETEECEUS SERp

160

VEN | WOOD R{VER

AE¥] | . LARCADNAY .

140} 1408

[F 1) 1200

MR ARCADIA, R,
DA E35.Z50M1

100

100}

L 1] gof - —

so}-

CUMULATIVE FLOW IN C.F.S - MONTHS/SQ MI.

aof

20

64 [T} a6 67 68 69 70 62 63 &4 (1] [1] [id (1] 89 T0

CALENDAR YEARS CALENDAR YEARS

200 g

180

160

140

120

100

BQ

&0

40

CUMULATIVE FLOW IN CF. S - MONTHS/SQ. MI.

e

6l 62 63 64 65 56 57 L:1-] 69 T 61 62 63 64 65 66 &7 L1 69 T°

CALENDAR YEARS CALENDAR YEARS DEPARTMENT OF THE ARMY

MEW ENGLAND DIVISION
CQRPS OF ENGINEERS
wALTHAM, MALE

SEQUENTIAL
MONTHLY LOW FLOW ANALYSIS
NINETEEN SIXTIES DROUGHT

RHODE I5LAND

HYDRO.ENG JUNE 1989

PLATE T



YIELD IN C.F.S./SQ.MiI.

DEPENDABLE

LEGEN [ |
00D RIVER " ROPE | VALLEY ANALYSTS ™

WOOD.RIVER@ ARCADIA ANALYSIS =

MOSHASSUCK- RIVER | ANALYSI§. =

UPNUGFIVER - ANALYSIS. | o -

%-CHANGE NON SEQUENTIAL ANALYSIS

oo m g g\

PR S . J e T O

e L L NOTEL

Sh b b il LI CFS 0846 MEBDL T
L acsermeoan

. .

e T RN ERTRRREES KRS RSN RS SRR SRR SRR E RHODE ISL AND

L pen bbb | |SURFACE WATER SUPPLY

100 200 300 400 500 600 700 800 900 1000 1100 STORAGE -YIELD GUIDE

CURVES
STORAGE IN ACRE - FT./SQ.MI. JULY 1989

PLATE 8




